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Abstract 
 
This paper is intended to develop a detailed thermal and electrical model of a transparent backing Building Integrated 
Photovoltaic/Thermal (TBIPV/T) collector integrated to the roof. This model was used to assess the energy performance of a 
typical transparent PVT air collector. The energy balance equations were derived for glazing glass, the PV cells, glass back 
surface of the PV module, air flowing in the duct of TBIPV/T collector and back insulation surface. The energy equations were 
solved using FORTRAN. A new TRNSYS type was created for the transparent backing PVT system. This type is intended to 
function with multi-zone building model in TRNSYS, that means thermal interaction between the PV/T collector  and the 
building was taken into account. The effect of different PVT system parameters such as PV cell packing factor, panel cover 
optical properties on thermal energy production and electricity generation were examined and discussed. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the CENTRO CONGRESSI INTERNAZIONALE SRL. 
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1. Introduction 
 
A transparent backing building integrated photovoltaic/thermal system (TBIPV/T), unlike the opaque (BIPV/T) 
system, enables solar radiation to pass through glazing area, in between PV cells, to produce more thermal energy. 
Most of the research studies have been conducted for transparent backing building integrated photovoltaics (TBIPV) 
window [1-7]; mainly for passive design purposes such as illumination, aesthetic outlook, reducing the heat gain and 
cooling load in hot climate due to blocking of solar radiation by the opaque solar cells [1], utilizing natural heating 
during winter [8], and generating electricity. The typical application of roof-mounted TBIPV is on the top of an 
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atrium. However, limited research has been done on roof integrated TBIPV/T, which simultaneously produce 
thermal energy and generate electricity. The foundation behind the hybrid PV/T concept is that a PV module utilize 
just a small amount of the incident solar radiation to produce electricity, with peak efficiency in the range of 5–20% 
[9]. The rest of the radiation becomes waste heat in the cell, which increases PV cell temperature [10]. It is 
necessary to cool the photovoltaic modules by some means to enhance the efficiency and to convert the waste heat 
into useful thermal energy for different applications; preheating air or water, space heating and, natural ventilation in 
buildings [11]. The energy collected by the solar collector could be stored in thermal energy storage when space 
heating is not required and reuse it to boost a heat pump [12,13]. 
The outcomes and benefits of building integrating photovoltaic/thermal glazing systems have to be examined 
through optical properties, thermal performance, and electricity production. Joshi et al. [14] evaluate the thermal 
performance of transparent hybrid PV/T air system. They compared the results with opaque PV/T air collector. The 
results of the energy model were verified with experimental setup. It is found that the overall thermal efficiency of 
glass-glass collector was higher than glass-tedlar collector. A design of hybrid PV/T air collector was developed and 
installed at the experimental site Parco Lamro of Politecnico di Milano [15]. The design was based on a 
mathematical model to calculate the electrical and thermal energy production. The PV/T module was intended to be 
integrated in the sloped roofs or vertical facades. The upper cover was glass sandwich with PV cells embedded. The 
space between the cells permits a direct solar radiation absorption by the absorber plate. Building integrating 
photovoltaic (BIPV) system model was created and implemented in a simulation tool [16], considering different 
types of building integrated PV collectors. It is found that the overall efficiency was considerably enhanced if a PV 
collector is coupled to an air collector. Using transparent backing PV modules as the cover for the air collector, the 
overall efficiency can reach 20% comparing with 14% efficiency for unventilated PV panels. 
In this paper, a detailed thermal and electrical energy generation model of transparent backing building integrated 
photovoltaic/thermal (TBIPV/T) system was developed and implemented as a new Type in TRNSYS simulation 
program. The model considers the solar angle dependence of the optical properties, thermal and electrical properties 
of the PV/T collector. The effects of different parameters of the TBIPV/T system such as packing factor (the ratio of 
PV cells area in the panel to the actual area of the panel), collector tilt angle and optical properties on the 
productivity of the collector in term of thermal and electrical generation were analyzed. In addition, the effect of 
these parameters on PV panel efficiency, thermal efficiency and the combined efficiency was examined. 
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The added thermal energy to the air flow by the collector per unit area (W/m2) 
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The temperature of the PV cells and the cover glass, respectively (°C) 
Ambient and sky temperatures, respectively  (°C)
Temperatures of upper and lower air channel, respectively (°C)
Instantaneous and reference PV panel efficiency, respectively 
The modifier of PV efficiency as a function of cell temperature and solar radiation, respectively
The reference temperature at which the standard PV efficiency is given (°C) 
The reference total solar radiation at which the reference PV efficiency is given (W/m2)
The convective heat transfer coefficient of the air inside the channel (kW/m2 .K) 
The convective heat transfer coefficient from the cover surface to the ambient air (kW/m2.K)
The radiative heat transfer coefficient from the cover surface to the sky (kW/m2.K)
Transmissivity of the transparent cover (-) 
Absorptivity of solar cells (-) 
Total incident solar radiation on tilted surface (kW/m2)
Packing factor (-) 
Thermal resistance of the cover material (m2.K/kW) 
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2. Modeling and energy analysis of SBIPV/T collector 
 
A transparent backing PV/T collector was modelled to be placed on the roof. The PV module is cooled by 
circulating air beneath it. Therefore, the developed model can only be applied to air based PV/T. 
A steady state analysis was performed based on several assumptions: 1) capacity effects of system components 
are negligible except for flowing air, 2) the upper and lower channel heat transfer coefficient are identical, 3) side 
losses are negligible, 4) properties or air and solid material remain constant, 5) the temperature variations are 
considered only in the flow direction. The energy balance equations for the collector surfaces are written as below: 
͹Ȃ
(a) Cover glass: 
 ൌ݄Ȅሺെሻ൅݄Ȅሺെሻ (1) 
(b) PV cells: ͺȽ	െͷ	ͺൌ͹Ȃ
͹Ȃͳ ൅ ͹Ȃʹ (2) 
(c) Glass back surface: 
ʹ ൌ݄ሺെሻ൅݄Ȅሺെሻ (3) (d) Air flowing through the duct: 
ൌ݄ሺെሻെ݄ሺെሻ (4) 
(e) Upper surface of back insulation: 
݄ሺെሻ൅݄  ሺെሻ൅Ƚሺͳെ	ሻʹൌ
Ȃ͵ (5) 
Solving Equations (1-5) to find the expressions for the unknowns ǡǡǡ. These expressions were used to find the expression of the useful thermal energy as a function of air temperature in the form: 
ൌ൅ (6) 
The parameters a and y are coefficients independent of position in PV/T collector, but functions of heat   transfer 
relations and environment conditions. An energy balance was taken at a differential section of air moving through 
the collector in x-direction: 
Ǘ  
െൌ Ͳ (7) 

Substituting Eq. (6) in Eq. (7) and integrating Eq. (7) along flow direction (x-direction) to find local air 
temperature: 

ሺሻ ǡ 
ሺሻ
Ǘ 
െ (8) 

The average air  temperature can be found  by integrating  Eq. (8)  for the entire PV/T  collector  length (L)    and dividing by PV/T length [17]. After finding the average air temperature inside the duct, the mean PV/T surface 
temperatures ǡǡǡare obtained. The solution requires an iterative approach starting with initial guess 
values for these surface temperatures. The heat transfer coefficients are described in [17] and are function of   mean 
surface temperatures. 
The useful thermal energy obtained from the TBIPV/T air system is: 
 ൌ Ǘ ሺሺሻ  െ  ሻ (9) 
The operating PV panel efficiency was calculated based on temperature and radiation linear modifying factors. 
The electrical efficiency is inversely proportional to the cell temperature and proportional to the total solar radiation 
incident on the collector. 
The instantaneous operating efficiency was calculated as: 
ͷ  ൌ ͷሾͳ ൅ ᐦᐦ ሺ  െ  ሻሿሾͳ ൅ ᐦᐦ ሺ െ ሻሿ (10) 
R2 R3 
 ʹ
Thermal resistance between the PV cell surface and the air channel upper surface (m2.K/kW) 
Thermal resistance between the air channel lower surface and the collector backside (m2.K/kW) 
Glazing extinction coefficient (1/m) 
The refractive index related to the cover material (-) 
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Thermal efficiency was calculated as: ͷ ൌ (11) 
ככ
A computer program of the TBIPV/T model was written in FORTRAN, which is used as TRNSYS’s source code 
to make a new TRNSYS component. In order to create a TRNSYS type for TBIPV/T collector (named Type 211), 
all the variables in the model should be classified inside TRNSYS type as either “Parameters” or “Inputs” or 
“Outputs”. Time dependent inputs are the “Inputs” such as temperature, flow rate, radiation etc., while time 
independent inputs are the “Parameters” such as length, cover thickness, duct depth, emissivity, packing factor etc. 
The outcomes of the model (thermal energy production, electricity generation, thermal efficiency, electrical 
efficiency etc.) are referred to “Outputs”. The model is intended to work with detailed building model (Type 56) that can provide the temperature of the 
back surface of the collector ሺ). This temperature can be defined as “Output” in Type 56 and as “Input” in Type 
211. The material from the bottom side of the collector duct to the back of the collector is the roof material, in this paper; is considered R-40. Since this paper is focusing on modeling and characterization of TBIP/TV collector itself 
 and examine different parameters on its performance, temperature ሺ) is considered 20°C for the present study. In TRNSYS, if an input is not connected and obtained from another Type, the input value, here ሺሻ, in the input  field 
remains constant throughout the simulation. A simple TRNSYS model was created to run Type 211, using a  TMY2 
(Typical Meteorological Year version 2) weather file for Toronto weather data to determine the thermal and 
electrical outputs from the collector for various design parameters. 
 
3. Optical properties of PV/T cover 
 
The incident angle of solar radiation is not constant during the sunny hours. It changes with sun position and 
season. Therefore, the optical properties of the transparent cover of the PV/T collector (transmission, absorption, 
and reflection) are not constant during the day. Consequently, these optical properties affect solar heat gain and 
transmission of solar radiation through the non-packing area. The transmittance of a solar collector cover as a function of the incident angle is [18]: 
ൌሺͳȂሻʹ (12) ͺ ͳȂሺሻʹ
The fraction of reflected solar radiation (), which passes through a transparent medium, has been expressed   by 
Fresnel relation: ʹ ʹ
ɏൌͳሺሺͺȂͺሻ൅ሺͺȂͺሻʹʹሺͺ൅ͺሻ ʹሺͺ൅ͺሻBouguer’s law considers the absorption losses of incident radiation, gives the available fraction of solar radiation 
after absorption (): ൌሺȂሻ (14) 
 ͺ
ͺൌȂͳሺ
ͺ
ʹ ሻ (15) 
In Equations (12-15), T is the incident angle for beam component of solar radiation.   The equations are also 
applied for sky diffused and ground reflected components, using the corresponding equivalent effective incidence 
angle. 
 
4. Results and discussion 
 
In TRNSYS model, the photovoltaic panel is considered poly-crystalline cell type of 305 Wp with efficiency of 
16% under standard test condition, and total surface area of 1.9 m2. The TBIPV/T collector has an absorber plate on 
the lower surface of the air channel in order to allow the transmitted radiation through glass to be absorbed. In this 
case, comparing with opaque PV/T, more thermal energy is available on this surface depending on its absorptivity 
(Ƚ), which is defined as Parameter in Type 211, its value here is 0.8. Then the absorbed heat is transfered to the 
flowing air by convection. The analysis was done for air mass flow rate of 0.2 kg/s. Fig. 1 (a) shows the effect of 
packing  factor  on hourly production of  the  thermal energy in a  typical  day in  winter  (Jan.  21).  It is found  that 
ͳ
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decreasing the packing factor, which means more glass area, results in more useful collected thermal energy. 
However, a larger packing factor produces more electricity as shown in Fig. 2 (b). As the packing factor reduced 
from 0.9 to 0.5, the thermal energy production/day increases by 25 % while electricity generation/day declined by 
42 % due to less solar cells area is used. 
 
 
 
 
Fig. 1 The effect of packing factor on (a) useful thermal energy (b) electricity generation from TBIPV/T collector 
 
The daily average thermal efficiency was 32.8% and 41% for packing factor of 0.9 and 0.5, respectively (see Fig. 
2). This is because the outlet air temperature for PV/T system with PF=0.5 is higher due to more solar radiation falls 
on non-packing area and transmits through the glass and, therefore, more heat is transferred to the flowing air. 
Consequently, PV cells temperatures are reduced as shown in Fig. 3. It is observed that decreasing the packing 
factor from 0.9 to 0.5 decreases the maximum PV panel temperture from 23 °C to 14 °C around noon which raises 
the PV panel efficiency from 16% to 17% (see Fig. 2). Since both thermal and electrical efficiency of the collector 
are improved with lower packing factor, the overall efficiency is also enhanced. 
 
 
 
Fig. 2 Hourly variation of the efficiencies with different packing factor Fig. 3 Hourly variation of the PV cell temperatures 
 
Unlike many previously developed models for TBIPV/T [7, 14, and 19], the effect of radiation incident angle on 
the transmittance of the transparent part of the PV/T was considered in the developed model. Fig. 4 shows the effect 
of the hourly change of the radiation incident angle (the angle between the radiation on a surface and normal to that 
surface) on the transmissivity of the glass with different collector slope angles. The analysis was done for a typical 
day in summer and winter. The incident angle value depends on the collector slope, location, and time [20]. In this 
paper, the collector is facing the equator (the south for northern hemisphere). It is clear from Fig. 4 (a) and (b) that 
as incident angle increases, which happens usually early morning and late afternoon, the transmittance decreases 
because higher amount of radiation is reflected from the cover. Regarding the effect of collector slope and season, 
for large collector slope (60°), the transmittance during the winter day is higher than if the slope is 30°. This is  due 
to low values of solar altitude in winter resulting in low radiation incident angle. Contrasting in a summer day Fig 
4(b), the collector slope of 30° gives higher value of transmittance. Therefore, the higher tilt angle in winter and the 
lower tilt angle in summer, the more thermal energy is obtained from the collector (see Table 1). 
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Fig. 4 Hourly variation of glass transmittance and radiation incident angle for different TBIPV/T collector slopes in (a) winter and (b) summer 
 
Table 1 Thermal energy collected from TBIPV/T in a typical day 
 
Collector slope Thermal energy (kW/day) 
 angle (deg) Winter summer 
30 2.8 4.7 
45 3.4 4.0 
60 3.7 3.3 
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